Solen cylindraceus (Hanley, 1843) is an infaunal bivalve that in the St Lucia Estuary is currently restricted to the southern part of its South Lake, having disappeared from the northern reaches due to persisting hypersaline conditions (>70 ‰) and air exposure at low water levels. The system experiences marked lerance of S. cylindraceus is determined using both shock and gradual change tests. Animals were collected at Catalina Bay (eastern shores of South Lake) and acclimated under laboratory conditions to naturally occurring salinities of 50 ‰ and 45 ‰ for the shock and gradual test, respectively. Mortalities were recorded for animals exposed to a sudden change in salinity, using eight different treatments ranging from 0 to 80 ‰. The second test involved exposing bivalves to a gradual change in salinity, using eight different treatments from 0 to 85 ‰. In the shock test, the lower salinity tolerance limit for S. cylindraceus was 30 ‰ and the upper 60 ‰, while in the gradual test, these limits were 15 and 65 ‰, respectively. The time it took for 50 % of animals to die increased from the shock to the gradual test for 10, 20 and 70 ‰, and decreased for 0 and 80 ‰. This knowledge may be useful towards predicting major crises in the S. cylindraceus populations, as
INTRODUCTION
chemical environment (Pillay & Perissinotto 2008; Hampel et al. 2009; MacKay et al. and changes to species composition (Cyrus 1988; Hanekom 1989; Forbes & Cyrus 1992; Pillay & Perissinotto 2008) . Mass mortality (Matthews & Fairweather 2004 ) (Forbes & Cyrus 1992) . Hill (1981) stated that mass mortality was particularly evident in sessile and slow moving benthic organisms in the St Lucia estuarine system, during periods of elevated salinities. This was partially due to their inability to move to areas with lower salinity and a more favourable physico-chemical environment (Hill 1981; Ysebaert et al. 2002) .
The St Lucia Estuary exhibits wide cyclic changes in climatic conditions, from wet to dry periods (Begg 1978; Cyrus & Vivier 2006) . During dry periods the system is 2006; Pillay & Perissinotto 2008) . Traditionally, St Lucia shared a common mouth et al. 2010) . This resulted in an increased silt load entering St Lucia and in an attempt to prevent this, the two systems were et al. 2010). As a result, during dry periods the northern reaches of the estuarine system become hypersaline, with salinity levels of >200 ‰ having been recorded on several occasions (Cyrus & Vivier 2006; Vivier & Cyrus 2009; Cyrus et al. 2011) . St Lucia also experiences episodic 1988; Hanekom 1989; Forbes & Cyrus 1993) . Forbes and Cyrus (1992) recorded a decrease in salinity, from 45 ‰ to <10 ‰ in approximately two weeks, in large parts of in salinity may cause an alteration in the estuarine structure and function (Cyrus 1988) . Solen cylindraceus has previously been recorded in the North Lake of St Lucia (Boltt 1975) , but it has been absent from this area after December 2004 (Cyrus et al. 2011) .
Solen cylindraceus is an infaunal bivalve endemic to southern African estuaries, where it inhabits muddy and sandy sediments (Hodgson & de Villiers 1986; de Villiers et al. 1989a; MacKay et al. 2010) . In the St Lucia Estuary it is considered a key species, Weerts et al. 1986) . Benthic macrofauna such as S. cylindraceus play an important role in sediment et al. 2009; Cyrus et al. 2010; MacKay et al. 2010) . S. cylindraceus is abundant in the South Lake of St Lucia in densities of up to 1200 ind.m -2 (Blaber et al. 1983; MacKay et al. 2010 ) and even >3000 ind.m -2 (Pillay & Perissinotto 2008) . The species is an euryhaline osmoconformer (McLachlan & Erasmus 1974) and MacKay et al. (2010) suggested that it may tolerate salinities ranging from 10 to 70 ‰, having been recorded previously at St Lucia in areas within this salinity range. Pillay and Perissinotto (2008) stated that S. cylindraceus is less dense at low and rapidly changing salinity values. They suggested that the optimal salinity range may be from 25 to 50 ‰, as this is the range within which the highest densities of S. cylindraceus were found (Pillay & Perissinotto 2008) .
Model predictions show that climate change in north-eastern KwaZulu-Natal will probably cause an increase in the occurrence of extreme weather conditions, such as S. cylindraceus longed droughts may result in prolonged periods of hypersaline conditions, while an These changes may restrict the distribution of S. cylindraceus within St Lucia. There is, therefore, a need to determine directly and experimentally the salinity tolerance of S. cylindraceus at St Lucia, and in particular the time scales of tolerance to exposure important to monitor changes in key macrofaunal species such as S. cylindraceus, as they can provide early warning signs of change that can be used to support the suset al. 2010). The primary aim of this study was to determine the salinity tolerance of S. cylindraceus. The objectives were to determine its upper and lower lethal salinity limits under shock and gradual change tests. A secondary aim was to verify whether natural S. cylindraceus populations in South Lake are found in an environment which coincides with their salinity tolerance found in the experiments.
MATERIAL AND METHODS

Study area
The St Lucia estuarine system is the largest estuarine lake in Africa, covering 80 % of the estuarine area of KwaZulu-Natal (Begg 1974; Cyrus & Vivier 2006; Pillay & Perissinotto 2008; Vivier & Cyrus 2009 ). It is of high importance to KwaZulu-Natal and the adjacent ocean region (Cyrus & Vivier 2006) , due to its high biodiversity invertebrate assemblages (Pillay & Perissinotto 2008) . Positioned in the iSimangaliso Wetland Park, St Lucia was awarded UNESCO World Heritage Site status in 1999 due to its importance and magnitude (Pillay & Perissinotto 2008; Vivier & Cyrus 2009 ; 27°52'S to 28°24'S and 32°21'E to 32°34'E and is subdivided into False Bay, North Lake, South Lake and the Narrows (Fig. 1 ). It has a total surface area of approximately 300 to 350 km 2 (Begg 1978) . The focus of the present study was on South Lake, in particular Catalina Bay (Fig. 1) . Historically the estuarine lake has experienced large scale water level and extreme hypersaline conditions (>200 ‰) (Fig. 2) .
Sampling procedure
Large S. cylindraceus individuals ranging from 4 to 5.5 cm shell length were collected from the sampling site (Catalina Bay). This was done by shovelling sediment from a water depth of 0.5 m, onto the lake banks. The sediment was carefully separated to remove individual bivalves without damaging them. Undamaged animals with an active foot were placed at a density of 15 individuals per 10 litre bucket. The buckets contained clean sediment from the bank (10-15 cm depth) and estuarine water. The buckets were left standing in the estuary to allow animals to burrow under near-natural temperature conditions. After approximately one hour, each bucket was checked for animals which had not burrowed. These were removed and replaced, as it was previously observed that animals that do not burrow promptly are unhealthy and will die (H. Nel, pers. observ.). Buckets were transferred to laboratory conditions and aerated within 3-4 hours after collection. Animals were acclimated in natural estuarine water at salinities of 50 ‰ for the shock test and 45 ‰ for the gradual test, at ambient temperature. The animals were fed a concentrated suspension of naturally occurring benthic microalgae every two days, while they acclimated and for the duration of the experiment. Animals acclimation and experimental periods. Shock and gradual experiments were conducted in May and July 2010, respectively. A fresh batch of individuals was collected 12 days prior to the start of each experiment. 
Shock change test
Prior to the experiment, animals were acclimated in the lab for 11 days and any dead or dying animals were removed to avoid contamination of water. Following acclisaline solutions ranging from 0 to 80 ‰, and clean sediment from their natural habitat, salt was used to prepare the pre-made saline solutions. A 10 cm layer of sediment in each 2.5 l bucket enabled animals to burrow completely. Three replicates were used per replicate. After the initial time was recorded, mortality was determined at predetermined intervals (1, 2, 4, 8, 16, 24, 48, 72, 96, 120, 144 and 168 hrs) for seven days. Salinity was checked each day using a refractometer and a stable salinity maintained (±1 ‰). The condition of each animal, at each time interval, was determined by its response to mechanical stimulation of the foot, siphon or body surface.
Gradual change test
The same experimental set up of the shock test was used, except that animals were acclimated for two days under laboratory conditions. Four replicates for each salinity 10, 20, 45, 70, 80 and 85 ‰, gradually reached by daily adjusting the 45 ‰ acclimated salinities by between 2.5 and 5 ‰ over 10 days.
S. cylindraceus abundance
Macrofauna samples were collected in June 2010, along a transect of seven stations from Charters Creek across to Catalina Bay (Fig. 1) . The initial site, Station 0, was 20 m from the lake margin at Charters Creek; thereafter samples were taken at 1 km intervals. A Zabalocki-type Ekman grab (sampling area 0.0236 m 2 , depth 15 cm) was used to collect samples. A single sample containing three grabs was taken at each station, placed into a 20 l bucket containing estuarine water and stirred vigorously, to suspend the benthic invertebrates. The supernatant was then sieved through a 500 μm times. Material caught on the sieve was stored in a plastic jar. Sediment remaining in the bucket was washed through a 2000 μm sieve, in order to collect larger macrofauna left behind, and added to the same plastic jar. All macrofauna samples were preserved in 4 % formaldehyde solution and stained with Phloxin-B. Physico-chemical data were recorded in situ at each station, using a portable YSI ® 6920 data-logging multiprobe. In the laboratory, samples were processed and individual S. cylindraceus (juveniles and adults) were counted. A dissecting microscope (Kyowa SDZ) was used to identify metre (ind.m -2 ) was determined by dividing the number of individuals found in each sample by the total area sampled by the grab.
Analysis of data
The STATISTICA package version 6.1 was used to generate the graphs for both shock and gradual tests (Statsoft 2004) . A repeated-measures ANOVA was used to analyse the effect of exposure time and salinity, as well as their interaction on animal between-subject factor. Measure name was Survival, in both analyses. In the shock test there were 13 levels, while in the gradual test there were 14 levels. The original tested using the Mauchly's Test of Sphericity. To test the null hypothesis, that the the Greenhouse-Geisser Epsilon value was used instead. SPSS 15.0 for Windows was used for all statistical analyses (SPSS 2006) . LT 50 , which is the time at which 50 % of the animals exposed to a lethal salinity level die, was calculated for both gradual and shock tests.
RESULTS
Shock test responses
Animals exposed to a series of shock salinity changes had a salinity tolerance range of 30 to 60 ‰ (Fig. 3) . Animals kept at salinities within the range of 30 to 60 ‰ had a 60 to 80 % survival at the end of the experiment. A 40 % survival was found for salinities ranging from 20 to 30 ‰ and from 60 to 70 ‰. At the end of the experiment, a low survival of 20 % or less was found for animals kept at salinities below 20 ‰ and above 70 ‰ (Fig. 3) . (Table 1) .
Gradual test responses
Exposure to a gradual salinity change resulted in the wider salinity tolerance of between 15 and 65 ‰ (Fig. 4) . Animals kept within this salinity range had a 60 to 100 % survival at the end of the experiment. Animals placed in water with a gradually declining salinity that ended between 5 to 15 ‰ and 65 to 75 ‰ exhibited a 40 % survival. The upper and lower extremes, with salinities above 75 ‰ and below 5 ‰ respectively, had 20 % or less survival of animals (Fig. 4) . tion of 2 individuals which survived for 96 hrs. A few animals exposed to 10 ‰ survived the entire experiment, with the majority of individuals dying within 96 hrs. Very few individuals died at 20 ‰ and none died at 45 ‰ (control). At 70 ‰ the majority survived for 120 hrs, with very few surviving the full extent of the experiment. All individuals exposed to 80 ‰ were dead within 72 hrs, with the majority of these dying the target salinity of 85 ‰. Thus, after the 11 days of acclimation, only 5 individuals was found for salinity, exposure time and the interaction of exposure time with salinity on the survival of S. cylindraceus (Table 1) .
While in the shock test the LT 50 for 10 ‰ was reached after 4 hrs, this was increased to 45 hrs in the gradual test. At a salinity of 20 ‰, LT 50 was reached after 50 hrs in the shock test. However, in the gradual test only 13 % mortality was found at the end of the experiment, thus LT 50 was not reached. The LT 50 at 70 ‰ in the shock test was reached after 105 hrs and increased to 125 hrs in the gradual test. At 0 ‰ all animals died after 2 hrs in the shock test, while total mortality decreased to 1 hr in the gradual test. A decrease between the shock and gradual test was observed in the LT 50 at 80 ‰, which was achieved after 52 hrs and 24 hrs, respectively.
S. cylindraceus abundance S. cylindraceus was found in every sample collected along the transect from Charters Creek across to Catalina Bay (Table 2 ). Abundances ranged from 14.1 to 3319 ind.m -2 , with the lowest recorded value at site 0 and the highest at site 1. Salinity along the transect ranged from 45.6 to 48.6 ‰, with Charters Creek exhibiting slightly higher values than all other stations at the time of the survey (Table 2) .
DISCUSSION
The cyclic changes in climate, from wet to dry periods, observed historically in the St Lucia Estuary show that S. cylindraceus (Begg 1978; Cyrus & Vivier 2006) . In the shock test, S. cylindraceus had a salinity tolerance of between 30 and 60 ‰. A wider salinity tolerance of between 15 and 65 ‰ as the salinity at which 100 % survival is recorded at the end of the experiment, was or falls in salinity over periods of months. This study looked at both the shock and gradual change in salinity. There was an increase in time it took for 50 % of animals to die from the shock test to the gradual test for the 10, 20 and 70 ‰ treatments. S. cylindraceus is not tolerant of rapidly changing salinity levels, but if salinity levels are changed gradually then it may exhibit increased salinity tolerance (Pillay & Perissinotto 2008) . De Villiers et al. (1989b) stated that salinity has an effect on the ctenidial ciliary activity of bivalves, but that gill tissues show an acclimatory response when salinity is changed gradually. The opposite occurred for the extreme salinities of 0 and 80 ‰, where a decrease in salinity tolerance was observed. The reason for this may have been a cumulative effect, as the animals were already exposed to sub-lethal stress and entered the experiment in poor health, compared to the animals used in the shock test. However, S. cylindraceus is reportedly rare when salinities are high, above 65 ‰ (Forbes & Cyrus 1993) . Until now, there has been no experimentally-proven salinity tolerance for S. cylindraceus, but salinity preferences have been suggested in the past (McLachlan & Erasmus 1974; Hodgson & de Villiers 1986; de Villiers & Allanson 1989) . The results obtained (2008), who reported the highest abundances of S. cylindraceus in St Lucia at relatively stable salinity levels in the range of 25-50 ‰, with abundances decreasing at low (<10 ‰) and rapidly changing salinity. An increase in S. cylindraceus abundance was seen in the South Lake during stable marine salinities of about 30 to 45 ‰ (Blaber et al. 1983; Forbes & Cyrus 1993 ). In the study of MacKay et al. (2010) , the highest density of 1200 ind.m -2 was found at 45 ‰. This is consistent with the results obtained in the current study, where the highest percent survival in laboratory experiments was found at 45 ‰. The highest densities (>3000 ind.m -2 ) along the transect from Charters Creek to Catalina Bay occurred at salinities of 45.6 and 46.7 ‰, while the lowest were observed at a salinity >48 ‰ (Table 2) .
S. cylindraceus has limited horizontal mobility and thus employs behavioural strategies to cope with exposure to unfavourable environmental parameters. MacKay et al. (2010) found S. cylindraceus as a survival strategy, may be the reason why S. cylindraceus burrow deep (approximately 40 cm), thereby achieving the protection of a stable environment for a short period, despite the variations in salinity experienced in the over- et al. 2002) . S. cylindraceus, even when completely shut, is exposed at its anterior and posterior ends, which may result in a et al. 2002; Matthews & Fairweather 2004) . Another possible option is that animals may be present at the upper and lower salinity extremes, but their health at these levels may have already been compromised. Thus the population may be declining and the animals found there may be the last remaining individuals, probably on their way out.
St Lucia is currently experiencing a reversed salinity gradient, with hypersaline conditions recorded in the upper reaches (Pillay & Perissinotto 2008; Vivier et al. 2010) . For example, at False Bay salinity has repeatedly reached 200 ‰ during the past 5 years (Pillay & Perissinotto 2008; Vivier et al. 2010) . High abundances of S. cylindraceus were observed in the North Lake and False Bay in the earlier stages of this drought, when salinity values were still within its tolerance limits (R. Taylor, pers. observ.). This high abundance of S. cylindraceus may have been due to the severe High salinities have been suggested to cause poor faunal assemblages as well as mass mortality of bivalves in the False Bay area (Boltt 1975) . Mortality of bivalves in this area may also have been compounded by desiccation and the drying up of habitable sediment. The development of basin compartmentalisation may have resulted in bivalves being unable to recolonise parts of the lake. The salinity tolerance range of S. cylindraceus may also be one of the factors causing its absence in the river-dominated et al. 2010). The implication of a salinity tolerance ranging from 30 to 60 ‰ under shock treatmortality in the population of S. cylindraceus. Floods in the Kariega Estuary have in the past caused a large percentage of S. cylindraceus to die, because of rapid salinity decreases (Hodgson & de Villiers 1986) . Similarly, 93 % of the S. cylindraceus poLucia, S. cylindraceus previously recorded in the South Lake, was redistributed into the Narrows after Cyclone Domoina (Forbes & Cyrus 1992) . Cyrus (1988) described S. cylindraceus as causing a sharp decrease in its abundance and the failure to re-establish itself in all areas previously occupied. The implication of a salinity tolerance ranging from 15 to 65 ‰ under gradual change treatment is that, if the current drought persists, an increase in salinity above 65 ‰ may cause the demise of an already reduced population of S. cylindraceus at St Lucia, and may possibly lead to its virtual disappearance from the system. The bivalve has already disappeared from the upper reaches of the estuarine lake (False Bay and North Lake) (Cyrus et al. 2011) . Persisting drought conditions have already caused a sharp decrease in the available habitable substrate, by drying out over half of the available lake surface (Pillay & Perissinotto 2008) . tuary (Blaber et al. 1983; Cyrus et al. 2010) . Loss in invertebrate biomass can cause Villiers (1986) and MacKay et al. (2010) described S. cylindraceus as an important salinities, S. cylindraceus provided 80 % of the diet for Solea bleekeri, the blackhand the sole was predominately the amphipod Grandidierella lignorum, with only 19 % provided by S. cylindraceus siphons and 6 % whole S. cylindraceus (Cyrus 1988; Forbes & Cyrus 1992) . S. cylindraceus is considered a key species in the St Lucia Estuary, thus future studies should investigate thoroughly the dynamics of this species within its food webs.
In conclusion, St Lucia is characterised by an alteration of wet and dry periods, which have been documented since the early 1900s . With climate change threatening to escalate the intensity and occurrence of extreme events within the next 50 to 100 years, it is imperative to determine the effects of these conditions on the key macrofaunal species that support the ecological functioning of this estuary (Schulze 2006) . In this study, the salinity tolerance of S. cylindraceus was determined time and the interaction of salinity and exposure time on the survival of these animals. Informed management decisions may now be made, in order to mitigate the effects of S. cylindraceus populations of the St Lucia and
